We measured carbonate concentrations in Pleistocene and Pliocene sediments deposited at Sites 709, 710, and 711. Carbonate concentrations exhibit low-amplitude, long-wave length (300-400 k.y. period) variations at the shallowest sites (709 and 710). Before 2.47 Ma, all three sites exhibit higher frequency (100 k.y. period) variations. The deepest site (711) exhibited low-amplitude variations and very low concentrations up to the Gauss/Matuyama magnetic reversal (2.47 Ma), then concentrations abruptly increased. After 2.47 Ma, carbonate concentrations at Site 711 exhibited the same periodic changes as at Site 709. Although a long wave-length periodicity (260-280 k.y.) occurs at these sites after 2.47 Ma, the 100 k.y. period is absent. The dominant periods observed in these data are those found in the eccentricity component of the earth's orbital geometry.
INTRODUCTION
One of the principal goals of Ocean Drilling Program (ODP) Leg 115 was to reconstruct the history of carbonate sedimentation in the western Indian Ocean during the Neogene. The drilling strategy, to core a series of holes down the northern slope of the Madingley Rise, produced a series of three sites (709, 710, and 711 ) that span the water depth interval from 3000 to 4400 m. We have measured the carbonate concentration of the Pliocene sediments that spanned the interval associated with the most recent phase of Northern Hemisphere ice growth ( -2.4 Ma). The purpose of our study is to determine what changes in the carbonate system occurred in response to this major change in the earth's climate.
Our research strategy is based on studies of late Quaternary sedimentation and sediment geochemistry that have successfully reconstructed many aspects of late Quaternary deep-water circulation and chemistry (Johnson et al., 1977; Curry and Lohmann, 1983, 1985, in press; Peterson and Prell, 1985a) . This strategy invokes a basic assumption that the principal source of carbonate in the sediments at this location is from surface-water productivity, with little or no lateral input from advection or down-slope reworking. If this assumption is true, then carbonate accumulation in the shallowest sites, if they are always above the lysocline, is the best approximation of the past history of surface-water carbonate productivity. If the sites are located close to one another and not near any sharp gradients in surface-water productivity, then the input rate of carbonate from surface water should be nearly equal in all sites. Then the difference in accumulation between the shallowest and progressively deeper
METHODS
We employed a new, automated system to measure the carbonate concentration of the sediments. The system determines the carbonate concentration based on the amount of gas evolved during the chemical reaction of a known mass of dried sediment (0.01-0.02 g) in 100% phosphoric acid at a constant temperature of 80°C. The pressure of the evolved gas is converted to mass of carbonate based on the regression line of pressure vs. mass of carbonate determined for pure carbonate samples reacted in the same system. Thus, the fraction of carbonate equals the ratio of the mass of carbonate estimated from this regression and the mass of raw sediment. The system is microprocessor controlled and interfaced with a digital balance (Ostermann et al., 1990) , so that the only manual operations include placing the sediment samples into the reaction boats and loading the boats into the system. Based on three sets of replicate analyses of marine sediment samples, the precision of these measurements ranges from ±0.5% to 0.8% (Fig. 1) . We analyzed samples at 10-cm spacing in Site 709 and at 5-cm spacing in Sites 710 and 711 for a total of 1097 analyses. The carbonate concentration data are presented in the Appendix.
RESULTS

Site 709
Two holes at this site (3°55' S, 60°33 'E, 3038 m water depth) were cored with the advanced piston corer (APC) to a depth of about 200 m. We analyzed the section from about 3 m below seafloor (mbsf) to 37 mbsf in Hole 709B (Fig. 2) . The carbonate concentration throughout this interval is fairly constant with an average value of 91.3% ± 2.1% (TV = 335) . These values are typical of shallow cores in this region (e.g., RC12-328) and result from a low input rate of noncarbonate, terrigenous sedimentary components and a low dissolution rate. All of the car- Sample Number Figure 1 . Replicate analyses of carbonate concentration for samples with high, medium, and low concentrations. The sediments are from Giant Gravity Cores (GGC) recovered during cruise Endeavor 066 (EN066) to the Sierra Leone Rise in the eastern equatorial Atlantic (Curry and Lohmann, 1985) . The data were produced using an automated, digital, gasometric system with a precision of ±0.5%-0.8% (Ostermann et al., 1990) .
bonate concentrations fall between 86% and 97%. Within this hole, seven magnetic reversals were identified (Schneider and Kent, this volume). We used four of these reversals to produce the time series of carbonate concentration.
Site 710
Two holes at this site (4°19'S, 60°59'E, 3812 m water depth) were cored with the APC. In Hole 710A we analyzed samples from Cores 115-710A-3H and -4H, and in Hole 710B we analyzed samples from Cores 115-710B-4H and -5H (Fig. 3) . Carbonate concentrations in Hole 710A average 12.1'% ± 6.7% (N = 276) and in Hole 710B they average 71.4% ± 7.1% (TV = 201) . Carbonate concentrations exhibit greater variability in these holes than in Hole 709B. Minimum concentrations are generally 60% whereas maximum concentrations exceed 80%. Magnetic reversals in these holes were used to produce a time series of carbonate concentration from ~5 Ma to ~2.3 Ma with a 200,000 yr gap at about 3 Ma.
Site 711
This site lies between the Madingley Rise and the Carlsberg Ridge (2°45'S, 61°10'E, 4430-m water depth). Two holes were drilled at Site 711, and we measured the carbonate concentration in Cores 115-711A-2H and -3H for Hole 711A and in Core 115-711B-3H for Hole 71 IB (Fig. 4) . Carbonate concentrations average 27.5% ± 17.9% (TV = 135) in Hole 711A and 6.3% ± 7.9% (TV -150) in Hole 71 IB. Overall, the average carbonate concentration is 16.3% ± 17.2% (TV = 285). In the deeper sections of these holes, very low carbonate concentrations were observed. At about 14 mbsf in Hole 711A, the carbonate concentration abruptly increases to values that are consistently greater than about 25%. Maximum values at about 9 mbsf reach 75%. Magnetic reversals in these cores were identified (Schneider and Kent, this volume), and we have used these reversals to combine the records to produce a continuous time series of carbonate concentration for this site for the interval from ~ 5 to -1.4 Ma.
Carbonate Concentration Time Series
Time series of carbonate concentration are plotted in Figure 5 . Throughout the last 4 m.y., the carbonate concentration in Hole 709B does not exhibit any abrupt changes. The changes in concentration appear periodic with a long wave length ( -400,000 yr). In Site 710, the combined record includes intervals with very high-frequency changes in carbonate concentration. The combined record for Site 711 exhibits some very sharp changes in carbonate concentration that correlate with major events in the Pliocene isotopic record (Shackleton et al., 1984; Keigwin, 1986 
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Figure 3. Carbonate concentrations in Holes 710A (left) and 710B (right). Carbonate percentages average 72.7% ± 6.7% in Hole 710A and 71.4% ± 7.1% in Hole 710B. The identified magnetic reversals (Schneider and Kent, this volume) and one biostratigraphic boundary were used to combine the data sets and to produce the time-series record for Site 710, which is presented in Figure 5 . leton et al., 1984; Keigwin, 1986) . The earlier increase in concentration at 2.8 Ma correlates with isotopic events that predate the increase at 2.4 Ma (Keigwin, 1986) . A low-frequency, periodic signal is apparent in the carbonate concentration record of Site 709. Decomposing this signal into its spectral components (Fig. 6 ) reveals high-amplitude variations at about a 400-k.y. period (frequency = 0.0025 cycles/ k.y.) during the interval from 2.47 to 3.40 Ma. After 2.47 Ma, the most prominent period in the carbonate concentration record is about 267 k.y. (frequency = 0.0037 cycles/k.y.). These same periodic changes are apparent in sections of Sites 710 and 711. Before the Gauss/Matuyama magnetic reversal, carbonate concentrations in Site 710 varied with a period of 333,000-400,000 yr. Following the Gauss/Matuyama magnetic reversal, carbonate concentrations in Site 711 varied with a period of about 285 k.y. (In Site 710, the record is too short to resolve any low-frequency changes in carbonate concentration after 2.47 Ma. In Site 711, low carbonate concentrations of small amplitude occurred before 2.47 Ma, so the record of low-frequency variations may be obscured.) Pisias and Prell (1985) also noted lowfrequency variations (period = ~ 300 k.y.) in carbonate concentration in the Pliocene interval of Pacific Deep Sea Drilling Project (DSDP) Site 572. Periodic variations with a wave length of about 100 k.y. occur in all three sites before 2.47 Ma, but they cannot be resolved after that time (Fig. 6 ).
Bulk Density and Sediment Accumulation
Shipboard measurements of dry-bulk density (dry wt/wet vol.) are plotted in Figure 7 with respect to their carbonate concentration. (Note: We used only those shipboard measurements from cores that we analyzed for carbonate concentration. Although there are many more bulk density measurements available, they are mostly from deeper sections in these holes and suffer from compaction because of sediment overburden.) The correlation coefficient between the two variables is 0.95 (TV = 25). The slope and intercept are very similar to those found in other equatorial regions (equatorial Pacific: Lyle and Dymond, 1976; eastern equatorial Atlantic: Curry and Lohmann, 1985, 1986) , which indicates that similar sedimentary components have mixed at this location to produce the carbonate concentrations and bulk densities. In the equatorial Pacific and eastern equatorial Atlantic, the noncarbonate component is opaline silica, which has a grain density lower than calcium carbonate and terrigenous silicates. Addition of silica to the sediment lowers the carbonate concentration as well as the bulk density. In regions with low input of opaline silica but high input of terrigenous silicates, bulk density is more constant over a wide range of carbonate concentrations (Curry and Lohmann, in press).
We used the carbonate concentration, bulk density, and sedimentation rates to calculate the accumulation rate of carbonate Carbonate percentages average 27.5% ± 17.9% in Hole 711A and 6.3% ± 7.9% in Hole 71 IB. The identified magnetic reversals (Schneider and Kent, this volume) and one biostratigraphic boundary were used to combine the records and to produce the time-series record for Site 711, which is presented in Figure 5 . Note that the Olduvai (T) reversal was not identified in Hole 711A. Its level in this hole was projected from the magnetic reversal record in Hole 71 IB by correlating their magnetic susceptibility records.
and noncarbonate sediment components for these sites so that we could evaluate the changes in productivity and preservation that affected this region during the Pliocene (Fig. 8 ). Average accumulation rates are presented for the intervals before and after the Gauss/Matuyama magnetic reversal (Table 1) because near this stratigraphic boundary a global increase in 5
18
O occurred that marks the most recent phase of Northern Hemisphere ice growth (Shackleton et al., 1984; Keigwin, 1986) .
Before the Gauss/Matuyama boundary, carbonate accumulation in Hole 709B averaged 0.74 g/cm 2 /k.y. After this magnetic reversal, the accumulation rate decreased to 0.62 g/cm 2 / k.y. This decrease in accumulation, if not accompanied by any change in dissolution at this shallow depth, must reflect a small decrease in the production of carbonate in the overlying surface water. (Note: The timing of the change in carbonate accumulation is not constrained by this data. In Figure 8 , it occurs at 2.47 Ma only as an artifact because our chronology forces a change in sedimentation rate at that interval. Based on the changes in carbonate concentration at Site 711 that were caused by this decrease in carbonate productivity, we think that the decrease in carbonate accumulation may have occurred in two steps: at 2. 18 O increase observed by Keigwin (1986) . The chronology is not accurate enough to be certain of this correlation.
umn to the seafloor has subsequently dissolved. Site 711 is the only site to exhibit an increase in carbonate accumulation across the Gauss/Matuyama magnetic reversal, increasing from 0 to 0.02 g/cm 2 /k.y. at 2.8 Ma and from 0.02 to 0.06 g/cm 2 /k.y. at 2.4 Ma.
Noncarbonate accumulation was low in all three sites. In the shallowest hole, noncarbonate accumulation averaged 0.08 g/ cmVk.y. before 2.47 Ma and 0.06 g/cm 2 /k.y. after 2.47 Ma. In Site 710 a decrease also occurred, from values of 0.17 g/cm 2 / k.y. before 2.47 Ma to 0.10 g/cm 2 /k.y. after 2.47 Ma. In the deepest site, low values of 0.11 g/cm 2 /k.y. occurred before and after the Gauss/Matuyama magnetic reversal. The slight bathymetric increase in noncarbonate accumulation implies that downslope reworking or advection of sediment components may have affected these sites. In a region with no lateral input of sediment, the refractory noncarbonate material should not exhibit any change in accumulation as a function of water depth (Curry and Lohmann, 1986) . In these sites, noncarbonate accumulation increases slightly with depth in the water column after 2.47 Ma. Before 2.47 Ma, little difference in accumulation occurred between the shallowest and deepest site, but the middle site (710) had nearly twice the accumulation of noncarbonate material. It is difficult to evaluate the significance of these changes in noncarbonate accumulation because the values are so low in all cases. To quantify the extent of downslope or lateral input of material, it is necessary to measure the carbonate and noncarbonate accumulation rates in the smaller size fractions, as they are the sizes most likely to be affected by resuspension and redeposition (Curry and Lohmann, 1986) . However, the existence of an increase in noncarbonate accumulation with depth in the water column cautions us to be concerned that carbonate may also have been transported into the deeper sites at this location by processes other than vertical settling. Therefore, our estimates of carbonate lost to dissolution should be considered "minima." 
DISCUSSION History of Carbonate Productivity
In Site 709, the carbonate accumulation rate decreased by -0.1 g/cm 2 /k.y. after the Gauss/Matuyama magnetic reversal. This change in accumulation, if not caused by any change in carbonate dissolution, reflects a decrease in the production of carbonate in the overlying surface water. Dissolution changes have affected the sediments at this site (Cullen, this volume), but fortunately dissolution decreased after the magnetic reversal. Before 2.47 Ma, the ratio of foraminifer test fragments to whole tests was high, indicating that dissolution may have caused at least some loss of carbonate (Cullen, this volume). (Significant fragmentation of foraminifers can occur without measurable loss of CaCO 3 ; Peterson and Prell, 1985b .) Therefore, the carbonate accumulation measured in Hole 709B before 2.47 Ma is a minimum estimate of the carbonate productivity rate in the surface waters at that time. After 2.47 Ma, dissolution (measured as the fragmentation ratio) and carbonate accumulation decreased, so the decrease in accumulation was not caused by changes in dissolution. Thus, we are confident that a decrease in productivity occurred at about 2.47 Ma and that ~0.1 g/ cmVk.y. (the difference between the pre-and post-2.47 Ma values) is a minimum estimate of the decrease.
Throughout the Pliocene, Site 710 always had a lower carbonate accumulation than Site 709 (by 0.3 g/cm 2 /k.y.). Thus, dissolution must have influenced the accumulation rate of carbonate at Site 710. Its carbonate accumulation also decreased by ~0.1 g/cm 2 /k.y. after the Gauss/Matuyama magnetic reversal, the same difference observed in Site 709. This decrease in accumulation may have resulted from the same decrease in surface-water productivity implied by the record of Site 709, but unfortunately our conclusion is ambiguous for two reasons. First, we have less confidence in our mean value for the 1.66-2.47-Ma interval because we sampled only a small number of sediments from just above the Gauss/Matuyama magnetic reversal. Second, we have no independent control over the changes in dissolution at this depth. We think that the dissolution rate Figure 7 . Dry-bulk density and carbonate concentration from shipboard measurements that were performed during Leg 115. The relationship between carbonate concentration and dry-bulk density is similar to the relationships that are observed in other equatorial locations where biogenic opal is the principal noncarbonate component of the sediment (Lyle and Dymond, 1976; Curry and Lohmann, 1985) . Based on this strong correlation, we have used the carbonate concentration data to predict sediment bulk density in all of our accumulation rate calculations. Carbonate preservation in the deep sea is controlled by processes that may act on the ocean as a whole (e.g., changes in surface-water productivity) or locally (changes in the location, chemistry, or production rate of deep water). To determine the cause of this change in preservation in Site 711, we must compare the changes in carbonate sedimentation at this location to those observed in the tropical Pacific and Atlantic oceans. For the Pacific, carbonate concentration data of comparable temporal resolution and shallow depth are available from Site 503 (4°3'N, 95°38'W, 3672 m water depth), and for the Atlantic (Caribbean), data are available from Site 502 (11°29'N, 79°23'W, 3051-m water depth). We used the carbonate data from these sites (Prell, Gardner, et al., 1982) to determine if there were global changes in carbonate accumulation that may be related to changes in carbonate production. Table 2 summarizes the changes in carbonate accumulation in the Atlantic (Site 502) and Pacific (Site 503) oceans that occurred at the Gauss/Matuyama magnetic reversal. Carbonate accumulation decreased in both sites at this time. In the Atlantic location, carbonate accumulation decreased from pre-2.47 Ma values of 1.76 g/cm 2 /k.y. to post-2.47 Ma values of 1.66 g/ cmVk.y. In the Pacific Ocean location, carbonate accumulation decreased from 0.59 to 0.53 g/cm 2 /k.y. These decreases in accumulation occur at water depths that are above the present depth of the carbonate lysocline. The decreases in accumulation observed in Sites 502 and 503 are on the same order ( -0.1 g/cm 2 / k.y.) as the decrease observed in Site 709. Taken together, these data imply that the production rate of carbonate in the surface waters of tropical locations decreased near the Gauss/Matuyama magnetic reversal, in response to the cooling associated with Northern Hemisphere ice growth. Although the decrease in average productivity rate is clearly evident, the exact timing of the decrease is unconstrained by these data; our accumulation rates are forced to change at the magnetic reversal because the reversal provides our sedimentation rate constraint. But on the basis of the effect of the decrease on carbonate productivity on preservation at the deepest site, we think that productivity may have changed in two steps, one at 2.8 Ma and one at 2.4 Ma.
The increases in carbonate accumulation observed at this time in the deepest Indian Ocean site (711) most likely resulted from a decrease in carbonate productivity of the tropical oceans. In today's ocean, carbonate productivity far exceeds the rate of carbonate burial that is needed to balance the river input of calcium and carbonate. Consequently, only about a third of the carbonate produced in surface water survives chemical destruction on the shallow flanks of submarine rises and ridges. If the rate of productivity decreased without any net change in river input, the lysocline and carbonate compensation depth (CCD) must migrate to deeper locations if the balance of carbonate and calcium in the deep ocean is to be maintained. We think that the evidence presented here supports our hypothesis to explain the pattern of carbonate accumulation in Site 709, 710, and 711: a decrease in carbonate productivity of surface waters lowered the demand for carbonate dissolution needed to balance river input. Consequently, the dissolution rate decreased in Site 711, which in turn increased its carbonate concentration and carbonate accumulation rate.
CONCLUSIONS
Carbonate sedimentation patterns changed near the Gauss/ Matuyama magnetic reversal in response to the major change in the earth's climate at that time. Based on these changing patterns, we conclude:
1. Surface-water productivity of carbonate-producing organisms decreased by about 0.1 g/cm 2 /k.y. in the western tropical Indian Ocean. Based on data from shallow APC sites in the tropical Atlantic and Pacific oceans, carbonate accumulation also decreased. If these sites were shallower than the carbonate lysocline at that time, then the evidence indicates that carbonate productivity may have decreased in all tropical regions of the oceans.
2. Dissolution decreased in the deepest parts of the western Indian Ocean, which caused increased carbonate concentration and accumulation in Site 711 after the Gauss/Matuyama magnetic reversal. This decrease in dissolution may have been a consequence of a decrease in carbonate productivity in the tropical Atlantic, Indian, and Pacific oceans.
3. Before 2.47 Ma, low-frequency variations with a period of 400 k.y. dominated the records of carbonate concentration. After 2.47, the low-frequency periodic component was closer to 280 k.y. in duration. Before 2.47 Ma, all sites exhibit variations in carbonate concentrations with a wave length of about 100 k.y. These wave lengths are characteristic of eccentricity variations in the earth's orbit, implying that orbital variations affected the carbonate system during the early Pliocene.
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